Histones are highly conserved proteins among eukaryotes. However, yeast histones are more divergent in their sequences. In particular, the histone tail regions of the fission yeast, Schizosaccharomyces pombe, have fewer lysine residues, making their charges less positive than those of higher eukaryotes. In addition, the S. pombe chromatin lacks linker histones. How these factors affected yeast chromatin folding was analysed by biochemical reconstitution in combination with atomic force microscopy. Reconstitution of a nucleosome array showed that S. pombe chromatin has a more open structure similar to reconstituted human acetylated chromatin. The S. pombe nucleosomal array formed thinner fibers than those of the human nucleosomal array in the presence of mammalian linker histone H1. Such S. pombe fibers were more comparable to human acetylated fibers. These findings suggest that the core histone charges would determine the intrinsic characteristics of S. pombe chromatin and affect inter-nucleosomal interactions.
Eukaryotic DNA in the nucleus is packaged into a protein-DNA complex as chromatin through a hierarchical scheme of folding and compaction. The structural unit of eukaryotic chromatin is the nucleosome. Eukaryotic nucleosomes are composed of 147 bp of nucleosomal DNA wrapped around a core histone octamer (a histone H3/H4 tetramer and two H2A/H2B dimers) at 1.65 tight left-handed superhelical turns. [1] [2] [3] Adjacent nucleosomes are connected through linker DNA, forming nucleosomal arrays which fold into the next level of DNA compaction, the 30-nm fiber. This is further folded into more compact higher-order structures. Various genomic events like transcription, replication, recombination, and DNA repair are regulated through these higher-order structures by modulating the accessibility of regulatory proteins to DNA. [4] [5] [6] [7] [8] While a number of major players in chromatin folding have been identified and the nucleosome structure elucidated at the Angstrom level, [9] [10] [11] the folding mechanism into higher-order chromatin still remains unclear. The lysine-rich amino-terminal tail regions of core histone proteins have been found to be critical in the formation of higher order chromatin structures. [12] [13] [14] [15] They extend from the nucleosome core 16) and undergo post-translational modifications such as acetylation, phosphorylation, and methylation. [17] [18] [19] AFM investigations have shown that a reconstituted nucleosomal array using tail-less or hyper-acetylated core histones failed to undergo salt-induced compaction. 8, 20) In addition, acetylation of core histones has reduced the thickness of the three-dimensional structure of chromatin fibers. 21) Another factor implicated in the formation of higherorder chromatin structures, particularly the 30-nm fiber, is the linker histone. 12, 22) Linker histones are chromatinbinding proteins composed of 210-220 amino acid residues. They typically have a globular domain in their center with a winged helix domain flanked by positively charged unstructured regions. 23) Well-known exceptions to this structure are the linker histones of Trypanosoma cruzi and Trypanosoma brucei which contain only the C-terminal region, 24, 25) and Saccharomyces cerevisiae which contains two globular domains. 26) Linker histones have previously been viewed as major structural proteins in the chromatin that are indispensable for cell survival. However, current studies have provided new insight into their cellular function and mechanism of action. It has been found that rather than directly generating condensed chromatin, they instead stabilize higher-order structures through electrostatic interactions within the chromatin. 12, 22) Deletion studies of linker histone genes in lower eukaryotes have shown they may not be essential for cell viability. [27] [28] [29] Reducing the linker histone level in mice has suggested functional redundancy among linker histone variants. [30] [31] [32] [33] Photobleaching studies have put forward the dynamic model of linker histone H1-binding in the chromatin, by which H1 molecules are continuously exchanged among chromatin binding sites in a stop-and-go process. 23, [34] [35] [36] Linker histones are now viewed as joining the structural network of chromatin-binding proteins in modulating the chromatin structure and function. 36) S. pombe chromatin is a good model with which the effects of variations in the core histone sequences and of the lack of linker histone on inter-nucleosomal interactions (and thus the formation of a chromatin structure) can be examined. Yeast histones are among the most divergent from mammalian histones. 37) Specifically, S. pombe has fewer lysine residues in its core histone tails than with higher eukaryotes, resulting in lower positive charges. In addition, the S. pombe chromatin lacks endogenous linker histones. We analysed in this study the dynamics of S. pombe chromatin in vitro under different salt conditions and in the presence and absence of mammalian linker histone H1. The localization and effect of tagged linker histone H1 expressed in S. pombe were also examined.
Materials and Methods
Plasmid construction. Plasmids carrying S. pombe core histone genes were presented by Dr. Hideaki Tagami (Nagoya City University, Japan). cDNA encoding GFP-fused human histone H1 was amplified by PCR from prH1.2 (kindly presented by Dr. Michael Hendzel, University of Alberta) as a template by using the following primers: 5 0 -agtccggagtttttgattctcaacatgtcc-3 0 and 5 0 -atctgcagggtatggctgattatgatctag-3 0 (the PstI sites are underlined). The amplified fragment was inserted into the pAUR224 plasmid (TaKaRa, Otsu, Japan) at the Pst I sites to yield pAUR-H1-GFP. To make triple-HA-tagged histone H1, a cDNA fragment encoding human histone H1 was transferred from pAUR-H1-GFP to the pSLF272 vector 38) via the XhoI and NotI sites to produce pSLF-H1-HAx3.
Purification of the histones. The recombinant histone proteins were expressed in E. coli cells and purified as previously described 39) with minor modifications. Each core histone was purified by ion-exchange chromatography (a HiTrap SP column; GE Healthcare UK, Buckinghamshire, England) and dried. An equal amount of histones 2A, 2B, 3 and 4 was mixed in a 7 M urea-TE buffer (7 M urea, 100 mM NaCl, 5 mM 2-mercaptoethanol, 0.2 mM PMSF, 10 mM Tris-Cl at pH 8.0, and 1 mM EDTA), and the histone octamers were gradually refolded by dialyzing against the TE buffer with 2 M NaCl. The octamer was purified by gel filtration chromatography (HiPrep 16/60 S-200, GE Healthcare UK). The HeLa core histone octamer was prepared as described by Hizume et al. 8) Histone H1 from calf thymus was obtained from Calbiochem, La Jolla, CA, USA. The purified proteins were quantified and stored in aliquots (at À70 C) until needed.
Chromatin reconstitution. Chromatin was reconstituted by salt dialysis method, 8) using an equal amount (0.5 mg) of the histone octamer (from S. Pombe or from HeLa cells) and a 26-kb pBR322 plasmid containing the locus control region of the human -globin gene. 40) When indicated, the reconstituted chromatin was exposed to different levels of salt concentration by incubating at 4 C for 2 h. Histone H1 was added to the reconstituted chromatin at a 1:1 molar ratio to the octamer when indicated.
AFM analyses. After fixing with 0.3% glutaraldehyde for 30 min at room temperature, the reconstituted chromatin was adsorbed to a freshly cleaved mica surface that had been pretreated with 10 mM spermidine and then dried under nitrogen gas. AFM imaging (Nanoscope IIIa or IV in Tapping ModeÔ; Digital Instrument, Santa Barbara, CA, USA), was performed in the air, using an OMCL-AC160TS-W2 cantilever made of silicon nitride (Olympus, Tokyo, Japan). Images were captured in a 512 Â 512 pixel format, plane-fitted, and flattened by the computer program provided with the imaging module. The radius encompassing an entire chromatin molecule was measured on the obtained AFM images to quantify the compaction of reconstituted chromatin. 41) The width of the H1-induced fiber was measured as previously described. 8) Expression of linker histone H1 in yeast cells. S. pombe strain SDH3-1B expressing GFP-tagged linker histone H2A was kindly presented by Dr. Ayumu Yamamoto of Shizuoka University. S. pombe wild-type strain 972 (h À ) and ura4-D18 strain were transformed with the pAUR-H1-GFP and pSLF-H1-HAx3 plasmids and respectively selected on a YPD medium supplemented with 0.4 mg/mL of Aureobasidin A (YPD-AbA) and an EMM2 medium supplemented with 25 mM thiamine (EMM2-thi). The clones were re-streaked on to fresh plates 3 d later.
The expression and localization of HAx3-tagged H1 in S. pombe were examined by immunostaining as previously described.
42) The respective primary and secondary antibodies used for immunostaining were a rabbit polyclonal antibody against HA (Berkley Antibody Company, Richmond, CA, USA) and the fluorescein-conjugated antirabbit IgG antibody (Cappel, Aurora, OH, USA). DNA was counterstained with Hoechst 33342 (Invitrogen, Carlsbad, CA, USA). The cells carrying pAUR-H1-GFP were directly observed under a fluorescence microscope (Zeiss Axiovert 200) to monitor H1 localization in the living cells.
Chromatin isolation. S. pombe nuclei were prepared as previously described 43) with some modifications. Vegetatively growing cells were resuspended in a spheroplasting buffer (10 mM PIPES at pH 6.8, 0.1 mM CaCl 2 , 1.0 M sorbitol, 1 mM PMSF, and 0.2 mg/mL of Zymolase (Seikagaku, Tokyo, Japan)), and the resulting spheroplasts were lysed in a homogenization buffer (10 mM PIPES at pH 6.8, 15% Ficoll, 0.1 mM CaCl 2 , and 1 mM PMSF). They were then centrifuged in a homogenization buffer with 30% Ficoll at 26,000 rpm (SW28 rotor) for 80 min at 4 C. The precipitated crude nuclei were resuspended in the homogenization buffer with 1% Triton X-100 at 4 C for 30 min. Chromatin was finally separated by centrifugation with a 20-60% percoll gradient.
Western blot analyses were performed by using polyclonal rabbit antibodies against HA (Berkley Antibody Company) and GFP (Medical and Biological Laboratories Co., Nagoya, Japan). Signals were detected with an ECL Plus Western blotting detection kit (GE Healthcare UK).
Chromatin MNase digestion and nucleosome repeat length determination. The isolated chromatin was treated with MNase (400 U/mL) as previously described. 44) The nucleosome repeat length (NRL) of the chromatin fiber was calculated according to the method of Noll and Kornberg 45) by using a standard curve for a 100-bp ladder fragment migration distance to determine the MNase-derived DNA length in the agarose gel.
Results
S. pombe reconstituted chromatin was incapable of undergoing high salt-induced compaction but could form higher-order structures with linker histone H1
Chromatin was reconstituted from purified S. pombe core histones and a 26-kb plasmid, and its structure was analysed by AFM. AFM imaging was achieved by fixing the reconstituted chromatin with 0.3% glutaraldehyde and mounting on an atomically flat surface of freshly cleaved mica. After adsorbing the chromatin complexes to the mica surface, the surface was washed with distilled water, dried with nitrogen gas, and scanned by the AFM probe to visualize the chromatin complexes with a nanometer resolution. The nucleosomes, typically visualized as beads-on-a-string structure by AFM, were detected in S. pombe as HeLa reconstituted chromatin (Fig. 1) . The efficiency of chromatin reconstitution was evaluated as the number of nucleosomes formed per 26-kb plasmid DNA. S. pombe and HeLa nucleosomes were formed with similar efficiency at 39 AE 5 (N ¼
To examine the characteristics of inter-nucleosomal interaction, the degree of high-salt-induced compaction was compared among the reconstituted chromatin in buffers with increasing salt concentration. AFM depicted the HeLa chromatin as a well-spread ''beads-on-astring'' structure on the mica surface (Fig. 2D) at a low salt concentration (50 mM NaCl). As the salt concentration was increased (100-200 mM NaCl), HeLa chromatin showed an increasingly aggregated structure (Fig. 2E-F) . High-salt-induced compaction is characteristic of nucleosomes in reconstituted chromatin, as previously reported. 15) S. pombe chromatin also showed an open chromatin structure like that in HeLa under the low-salt condition (Fig. 2A) . However, it retained its well-spread, ''beads-on-a-string'' structure at high salt concentrations (Fig. 2B-C) . To measure the degree of chromatin compaction, the minimum radius of a circle required to encompass an entire chromatin molecule was measured on the AFM images. The relative degree of compaction was calculated as the change in radius with respect to 50 mM NaCl. The compaction of the HeLa chromatin, but not that of the S. pombe chromatin was dependent on the salt concentration (Fig. 2G) , indicating a stronger repulsion between nuclosomes in S. pombe, than in HeLa. This suggests that the charge difference between the S. pombe and HeLa core histones resulted in a weaker inter-nucleosomal interaction in the S. pombe chromatin.
An examination by AFM showed that the addition of linker histone H1 to the S. pombe reconstituted chromatin resulted in the formation of higher-order fibers with a diameter of 24:6 AE 5:3 nm (N ¼ 106), slightly thinner than the H1-induced fibers in the HeLa chromatin (35:0 AE 7:7 nm (N ¼ 106) (Fig. 3) . These results indicate that the nucleosomes with the S. pombe core histones were capable of forming a linker-histone- Reconstituted chromatin (S. pombe core histone (A-C) and HeLa core histone (D-F)) was exposed to 50, 100, or 200 mM NaCl. Compaction of the chromatin fiber was quantified by measuring the minimum radius on AFM images, and is presented as the ratio to those in 50 mM NaCl (G). All measurements were made with at least 15 molecules of chromatin from two independent chromatin preparations. Scale bar, 250 nm. AFM images of reconstituted chromatin using S. pombe (A) and HeLa (B) core histones and purified linker histone H1. The addition of H1 induced the formation of thick fibers in both cases. The width of the thick fibers was measured and summarized (C and D). The mean AE SD values are also indicated in the histogram. induced higher-order structure even though they did not possess any genes homologous to the linker histones.
Nuclear localization of H1 was temperature dependent, and co-localization with DNA was dependent on the tag size
The in vitro experiments (Figs. 1-3) show that linker histones could be incorporated into the S. pombe reconstituted chromatin to form ''30-nm fibers.'' Added to this, we also tested whether linker histones could be incorporated into the S. pombe intact chromatin, because the reconstituted and intact chromatins had differences, especially in the nucleosome repeat length (NRL), and small NRL (i.e., a high density of nucleosomes) of S. pombe intact chromatin might inhibit the incorporation of linker histones.
Cells cultured under the normal growth temperature of 30 C showed a scattered and punctuated cytoplasmic distribution of both GFP and HA-tagged H1 (Fig. 4A) . However, at a lower growth temperature of 20 C, the localization of H1 shifted to the nucleus (Fig. 4B) . This indicates that the nuclear transport of H1 was dependent on the culture temperature. When the nuclear distribution of tagged H1 was examined (Fig. 4B) , the fluorescence pattern showed that GFP-tagged H1 failed to co-localize with the S. pombe chromatin. In contrast, HA-tagged H1 clearly co-localized with chromatin, like the histones in the H2A-GFP expressing cells, suggesting that a large tag such as GFP (about 30 kDa) could perturb the localization of H1 to the S. pombe chromatin, whereas a smaller tag like a triple HA (about 4 kDa) could easily co-localize with the chromatin.
H1 bound to chromatin but did not alter the nucleosome repeat length
Western blot analyses of anti-HA and anti-GFP antibody binding on chromatin obtained from the H1-expressing cells showed the following features: (i) H1 tagged with HA was detected in the purified nuclei and chromatin from the cells cultured at 20 C (Fig. 4C , right panels), verifying that H1-HA bound to the S. pombe chromatin; (ii) GFP-tagged H1 on the other hand could only be detected in the nuclei, and not in the chromatin (Fig. 4D , right panels), confirming its nuclear transport at 20 C and its inability to bind to chromatin; (iii) the cells expressing tagged H1 cultured at 30 C showed the absence of H1 in the nucleus (Fig. 4C and D , left panels). These finding corroborated the fluorescence localization analyses, showing the slower growth dependence of H1 nuclear transport and the tag-size dependence of chromatin binding.
The nucleosome spacing in S. pombe was determined by MNase digestion of its chromatin. The digestion pattern displayed no significant difference between the H1-expressing and control S. pombe cells (Fig. 5) , indicating no change in NRL. Respective NRL values measured from the gel (Fig. 5) were 184:7 AE 1:2 and 185:1 AE 0:9 for the control and H1-expressing cells.
Discussion
Molecular imaging of S. pombe chromatin showed that its core histones and DNA were assembled into more openly-structured chromatin fibers and thinner H1-induced fibers, indicating that the interactive force S. pombe cells expressing triple HA-and GFP-tagged histone H1 (H1-HA and H1-GFP, respectively) were cultured at 30 C and 20 C, harvested during the log phase and processed accordingly. Fluorescence microscopy (A and B) shows cells that had been immunostained with the anti-HA antibody or directly visualized in the case of GFP-fused proteins. DNA was stained with Hoechst 33342. Scale bar, 5 mm. Immunoblotting (C and D) shows the cell lysate (whole), isolated nuclei (Nuc) and chromatin (Chr) which were probed with anti-HA and anti-GFP antibodies. S. pombe expressing GFP-fused H2A (H2A-GFP) served as control for nuclear localization in fluorescence microscopy. Wildtype strain 972 (the third lines of A and B, and upper panels of D) and ura4-d18 (the fifth lines of A and B, and upper panels of C) served as negative controls which did not express H1.
between nucleosomes was weaker in S. pombe than in HeLa cells. S. pombe chromatin therefore has distinct characteristics compared to HeLa chromatin and is similar to hyper-acetylated chromatin. Hyper-acetylated HeLa chromatin exhibited an open chromatin structure characterized by the absence of high-salt-induced compaction and by the formation of thinner H1-induced fibers.
46)
Relationship between the chromatin structure and electrostatic force
The formation of higher-order chromatin structures has been accounted for by the electrostatic mechanism of chromatin folding. 47) Theoretical analyses have shown that the DNA charge neutralization through ionic and macromolecular factors was linked to DNA compaction. These factors include the ionic environment of chromatin, charges in the core histones and their posttranslational modifications, and the linker histones.
Analyses of the amino acid sequences of the S. pombe and HeLa core histones predicted their positive charges to be 129 and 147, respectively. The lower positive charge on the core histones has led to stronger electrostatic repulsion between neighboring nucleosomes because of insufficient neutralization by negatively-charged nucleosomal DNA. 15) This would result in weakened interaction between nucleosomes, leading to greater inter-nucleosomal distances. Acetylation of lysine residues in the histone tails also decreases the net positive charge in the core histones. Chromatin molecules with acetylated core histones have been observed to be more susceptible to MNases. 48) An increase in gyration radius, a measure of inter-nucleosomal distance, has also been observed with these chromatins. 49) In addition, measurement of the width of H1-induced fibers also showed a similarity between S. pombe and acetylated HeLa chromatins which were thinner than non-acetylated HeLa chromatin (Fig. 3) . The coarse-grained model in our previous paper 46) has shown that, if the negative charge of DNA is not sufficiently neutralized, the chromatin fiber would form a thinner structure to allow the excess charge to escape from the inside to the surface of the fiber. Thus, a decrease in the positive charge in core histones would weaken the internucleosomal and histone-DNA interactions in the chromatin, resulting in the loss of nucleosome and chromatin fiber stability.
Relationships between NRL and histone H1 in fission yeast
This study demonstrated that linker histone H1 could bind to S. pombe chromatin and could even form a higher-order structure in vitro. This suggests that linker histone binding would not be dictated by the type of the core histones and that the H1 binding site in the chromatin may not be unique to a linker histoneexpressing organism.
S. pombe expressing tagged H1 had a slower growth rate than the control cells, implying that the presence of H1 could interfere with such growth-related processes as transcription and cell division. This low tolerance of S. pombe to histone H1 may drive its cytoplasmic localization in cells under normal growth conditions. Nuclear localization may be restricted to avoid the perturbation of chromatin-related processes. Changing the culture conditions to less than ideal by lowering the temperature resulted in the nuclear localization of H1. Cells under stressful culture conditions switch their growth-related mechanism to various compensatory modes in order to survive. One of these mechanisms may have resulted in controlling the transport of H1 into the nucleus. Co-localization of H1 with chromatin was found to be dependent on the size of the H1 tag. The physical barriers within chromatin such as the short NRL of S. pombe may restrict the access of large molecules like H1-GFP, but not of smaller molecules like H1-HA. It has been shown in vitro that chromatin with a short NRL of 165 bp can form a more compacted structure and be less dependent on linker histones in forming a higher-order structure.
50) The much shorter NRL of S. pombe (156 bp) may allow S. pombe to forgo the need for linker histones in stabilizing and forming a higher-order chromatin structure.
Eukaryotes have a wide range of NRL and, in higher species, differences may occur between cell types within an organism. 51) Higher eukaryotes have an average NRL range of 175-190 bp, whereas lower eukaryotes like yeasts have NRLs below 175 bp. 52) The NRL and linker histone may play a cooperative role in chromatin compaction by altering electrostatic interactions within the chromatin. Quantification of linker histone stoichiometry has shown that cells with naturally short NRLs have lower linker histone per nucleosome ratio. S. cerevisiae with an approximately 165 bp NRL has been reported to have a 1 per 37 53) or 1 per 4 29) linker histone to nucleosome ratio, while lymphocytes and chicken erythrocytes have 1 and 1.3 linker histones per nucleosome, respectively. 54) Genetic manipulation studies of various mouse cells with reducing linker histone levels 33, 55) have shown a linear relationship between NRL and the amount of linker histone per nucleosome. It has been suggested that the driving force for this relationship was the need to maintain charge homeostasis in the chromatin. 51) As the amount of positively charged linker histones is reduced, a concomitant reduction of NRL needs to occur through the reduction of negatively charged linker DNA to maintain charge equilibrium. In fact, a very short NRL led to more compact nucleosomal array structures and a lesser degree of linker histone dependence for compaction. 50) Our study on H1 expression in S. pombe clearly showed that H1 bound to chromatin but failed to change NRL in vivo. However, chromatin reconstituted from purified S. pombe histones accommodated mammalian linker histone in vitro. It seems that the charge balance resulting from negatively-charged genome DNA and positively-charged histones would largely contribute to the chromatin formation. The biological significance of linker histones in the nucleus resides under the control of this charge balance in the formation of higher-order chromatin structures.
